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ABSTRACT
We report Karl G. Jansky Very Large Array (VLA) absorption spectroscopy in four methanol
(CH3OH) lines in the z = 0.88582 gravitational lens towards PKS1830−211. Three of the
four lines have very different sensitivity coefficients Kµ to changes in the proton-electron
mass ratio µ; a comparison between the line redshifts thus allows us to test for temporal
evolution in µ. We obtain a stringent statistical constraint on changes in µ by comparing the
redshifted 12.179 GHz and 60.531 GHz lines, [∆µ/µ] 6 1.1 × 10−7 (2σ) over 0 < z 6
0.88582, a factor of ≈ 2.5 more sensitive than the best earlier results. However, the higher
signal-to-noise ratio (by a factor of ≈ 2) of the VLA spectrum in the 12.179 GHz transition
also indicates that this line has a different shape from that of the other three CH3OH lines
(at > 4σ significance). The sensitivity of the above result, and that of all earlier CH3OH
studies, is thus likely to be limited by unknown systematic errors, probably arising due to the
frequency-dependent structure of PKS1830−211. A robust result is obtained by combining
the three lines at similar frequencies, 48.372, 48.377 and 60.531 GHz, whose line profiles
are found to be in good agreement. This yields the 2σ constraint [∆µ/µ] . 4 × 10−7, the
most stringent current constraint on changes in µ. We thus find no evidence for changes in the
proton-electron mass ratio over a lookback time of ≈ 7.5 Gyrs.
Key words: atomic processes — galaxies: high-redshift — quasars: absorption lines — radio
lines: galaxies — galaxies: individual (PKS1830−211)
1 INTRODUCTION
Astronomical spectroscopy in redshifted spectral lines has long
been known to provide a probe of changes in the fundamental con-
stants of physics (e.g. the fine structure constant α, the proton-
electron mass ratio µ ≡ mp/me, etc.), over large fractions of the
age of the Universe (e.g. Savedoff 1956). Such temporal evolu-
tion is a generic prediction of field theories that attempt to unify
the Standard Model of particle physics and general relativity (e.g.
Marciano 1984; Damour & Polyakov 1994). The exciting possibil-
ity of low-energy tests of such unification theories has inspired a
number of methods to probe fundamental constant evolution on a
range of timescales, (see, e.g., Uzan 2011, for a recent review).
Most of these methods, both in the laboratory and at cosmological
distances, have been sensitive to changes in the fine structure con-
stant α (e.g. Webb et al. 2001; Peik et al. 2004; Gould et al. 2006;
Rosenband et al. 2008; Molaro et al. 2013). However, fractional
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changes in µ are expected to be far larger than those in α in most
theoretical scenarios, by factors of 10−500 (e.g. Calmet & Fritzsch
2002; Langacker et al. 2002).
For many years, ultraviolet ro-vibrational molecular hydro-
gen (H2) lines provided the only technique to probe changes in
µ on Gyr timescales (Thompson 1975; Varshalovich & Levshakov
1993; Ubachs et al. 2007). The resulting sensitivity to [∆µ/µ]
has been limited by the paucity of redshifted H2 absorbers
(e.g. Noterdaeme et al. 2008), systematic effects in the wave-
length calibration of optical spectrographs (Griest et al. 2010;
Whitmore et al. 2010; Molaro et al. 2013; Rahmani et al. 2013),
and the low sensitivity of H2 lines to changes in µ. The
best limits on fractional changes in µ from this technique
are [∆µ/µ] . 10−5 (2σ) at redshifts 0 < z . 3
(e.g. King et al. 2011; van Weerdenburg et al. 2011; Rahmani et al.
2013; Bagdonaite et al. 2014; Albornoz Va´squez et al. 2014).
The situation has changed dramatically in recent years
with the development of new techniques using redshifted
radio lines from different molecular species (e.g. Darling
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2003; Chengalur & Kanekar 2003; Flambaum & Kozlov 2007;
Jansen et al. 2011; Levshakov et al. 2011). While the number of
cosmologically-distant radio molecular absorbers is even smaller
than the number of high-z H2 absorbers (just 5 radio systems;
Wiklind & Combes 1994; Wiklind & Combes 1995, 1996a,b;
Kanekar et al. 2005), the high sensitivity of tunneling transi-
tion frequencies in ammonia (NH3; van Veldhoven et al. 2004;
Flambaum & Kozlov 2007) and methanol (CH3OH; Jansen et al.
2011; Levshakov et al. 2011) to changes in µ has resulted in our
best present constraints on changes in any fundamental constant
on cosmological timescales. For example, Kanekar (2011) obtained
[∆µ/µ] < 2.4 × 10−7 (2σ) from a comparison between the red-
shifts of CS, H2CO and NH3 lines from the z ≈ 0.685 sys-
tem towards B0218+357, while Bagdonaite et al. (2013) obtained
[∆µ/µ] 6 2.6 × 10−7 (2σ) using CH3OH lines at z ≈ 0.88582
towards PKS1830−211.
The best techniques to probe fundamental constant evolu-
tion are those that use spectral lines from a single species, of
similar excitation and frequency (e.g. H2, OH, FeII, CH3OH;
Thompson 1975; Darling 2003; Chengalur & Kanekar 2003;
Kanekar & Chengalur 2004; Kanekar et al. 2004; Quast et al.
2004; Jansen et al. 2011). The different lines are then likely to arise
in the same gas, implying that local velocity offsets should not be
a source of systematic effects. The CH3OH technique is especially
interesting because CH3OH has many strong radio lines with dif-
ferent frequency dependences on µ; different line combinations
thus provide independent probes of any evolution (Jansen et al.
2011; Levshakov et al. 2011). In this Letter, we report a robust
new constraint on changes in µ from CH3OH spectroscopy of the
z = 0.88582 gravitational lens towards PKS1830−211 with the
Karl G. Jansky Very Large Array (VLA).
2 OBSERVATIONS, DATA ANALYSIS AND SPECTRA
The VLA observations of the methanol lines at z = 0.88582
towards PKS1830−211 were carried out in 2012 July and Au-
gust, in the B-configuration (proposal 12A-389). Four CH3OH
lines were targeted, the 20 − 3−1 E, 10 − 00 A+ and E, and
10−2−1 E transitions at 12.178597(4) GHz, 48.3724558(7) GHz,
48.376892(10) GHz, and 60.531489(10) GHz, respectively (for
the line frequencies, see Mu¨ller et al. 2004, and references therein).
These are redshifted to observing frequencies of ≈ 6.46 GHz (C-
band), 25.65 GHz (two lines; K-band) and 32.10 GHz (Ka-band),
respectively. The VLA C-band observations covering the redshifted
12.179 GHz line were carried out on July 13 and 14 (total on-source
time: 7 hours), with both the K- and Ka-band observations on Au-
gust 12, with on-source times of 1.5 hours (Ka-band) and 0.5 hours
(K-band, covering both redshifted 48 GHz lines).
We note, in passing, that the 12.179 GHz line has the largest
sensitivity coefficient (Kµ ≈ −32) to changes in µ, but is also
the weakest of the CH3OH lines that has been detected in the
z = 0.88582 absorber (Bagdonaite et al. 2013). All earlier studies
using the CH3OH lines to probe changes in µ have been limited by
the low signal-to-noise ratio in this transition (e.g. Bagdonaite et al.
2013,?). We hence chose to obtain a deep spectrum in this line,
spending the maximum integration time on its observations.
Bandwidths of 8 MHz (C-band) and 32 MHz (K- and Ka-
bands) were used in each of two intermediate frequency (IF) bands,
which were further sub-divided into eight digital sub-bands, each
with 128 channels. The two IF bands were offset from each other
by half a digital sub-band, to ensure uniform sensitivity across the
final spectra. Observations of 3C286, J1733−1304 (K- and Ka-
bands) and J1229+0203 (C-band) were used to calibrate the flux
density scale and the antenna bandpasses. No phase calibrator was
observed, as PKS1830−211 is bright enough for self-calibration.
Online Doppler tracking was not used.
All data were analysed in “classic” AIPS, following standard
procedures. For each band, after initial data editing, and flux and
bandpass calibration, a number of absorption-free PKS1830−211
channels were averaged to form a “channel-0” dataset. A standard
self-calibration procedure was then used to determine the antenna-
based gains, until the gains and the image converged. The tasks
UVSUB and UVLIN were used to subtract PKS1830−211’s contin-
uum from the calibrated visibilities, and CVEL then used to shift
the residual visibilities to the heliocentric frame. Each dataset was
imaged to produce a spectral cube, with natural weighting used to
maximise the sensitivity. This yielded cubes with angular resolu-
tions of ≈ 0.4′′ × 0.2′′ (Ka-band), 0.66′′ × 0.34′′ (K-band) and
2.1′′×1.1′′ (C-band); the two components of PKS1830−211 (sep-
arated by ≈ 1′′; Rao & Subrahmanyan 1988) were thus marginally
resolved at K- and Ka-band. Finally, the CH3OH spectra were ob-
tained via a cut through the location of the S-W source compo-
nent against which the strong molecular absorption is seen (e.g.
Frye et al. 1997; Muller et al. 2006). At each frequency, the spec-
tra from the two IF bands were combined to obtain the final spec-
trum. The C-band spectra from the two runs were combined using
weights based on their root-mean-square (RMS) noise values.
The final VLA CH3OH optical depth spectra are shown in
Fig. 1. The optical depth RMS noise values against the S-W source
component are 0.0062 per 0.58 km s−1 (Ka-band), 0.0048 per
0.73 km s−1 (K-band), and 0.00041 per 0.73 km s−1 (C-band).
These optical depth estimates assume that 40% of the flux density
of PKS1830−211 is in the S-W component. For comparison, the
Effelsberg spectra of Bagdonaite et al. (2013,?) had optical depth
RMS noise values of 0.0033 per 1.8 km s−1 (Ka-band), 0.0013 per
2.3 km s−1 (K-band) and 0.00040 per 2.3 km s−1 (C-band). As
noted earlier, the best current analyses (Bagdonaite et al. 2013,?)
have been limited by the sensitivity in the redshifted 12.179 GHz
transition. The sensitivity of the VLA C-band spectrum in this tran-
sition is a factor of ≈ 1.8 better than that of the best earlier spectra.
3 PROBING FUNDAMENTAL CONSTANT EVOLUTION
A critical question in using multiple spectral lines to probe fun-
damental constant evolution is whether or not the lines arise in
the same gas. This is important because any measured differences
in the line redshifts might arise due to local velocity offsets in
the absorbing gas. Unfortunately, it is not guaranteed that differ-
ent transitions arise in the same gas, even for absorption lines
from the same species, especially for gravitational lenses like the
z = 0.88582 system towards PKS1830−211. For example, time
variability in the structure of the background source could cause
differences in the paths traced by different transitions, if the lines
are not observed simultaneously (e.g. Muller & Gue´lin 2008). Con-
versely, frequency-dependent structure in the background source
could cause absorption at different frequencies (even if observed
simultaneously) to probe different sightlines through the absorb-
ing gas (e.g. Martı´-Vidal et al. 2013; Bagdonaite et al. 2013). In the
case of PKS1830−211, the S-W source component is known to
be scatter-broadened, and hence more extended, at low frequencies
(e.g. Jones et al. 1996), due to which the C-band and K-/Ka-band
observations may trace slightly different gas.
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Transition Rest frequency Kµ Redshift FWHM Peak optical depth
GHz km s−1
2−1 − 10 E 60.531489(10) −7.4 0.8858052(19) 0.0433(15)
00 − 10 A+ 48.3724558(7) −1.0 0.8858010(14) 13.85(0.39) 0.0566(18)
00 − 10 E 48.376892(10) −1.0 0.8858010(14) 0.01893(66)
Table 1. Parameters of the best single-component Gaussian fit to the 60.531 GHz, 48.372 GHz, and 48.377 GHz lines. The second and third columns give
the line rest frequencies (as measured in the laboratory; Heuvel & Dymanus 1973; Breckenridge & Kukolich 1995; Mu¨ller et al. 2004) and the sensitivity
coefficents to changes in µ (Jansen et al. 2011). The redshifts of the 48.372 and 48.377 GHz lines were tied together in the fit (as these transitions have the
same Kµ value), as were the column densities in the 60.531 and 48.377 GHz lines (both E-type transitions). All three line FWHMs were also assumed to be
the same. The measured redshifts, listed in column (4), are in the heliocentric frame.
Figure 1. VLA CH3OH spectra at z = 0.88582 towards PKS1830−211,
with optical depth against the S-W image plotted against velocity, relative
to z = 0.88582 (heliocentric). The three panels show the 60.531 GHz line
(bottom), the 48.372 and 48.377 GHz lines (middle), and the 12.179 GHz
line (top); the velocity scale in the middle panel is for the 48.372 GHz line.
The dashed curves in the lower two panels indicate the best-fit 1-Gaussian
model that was obtained from a simultaneous fit to the 60.531, 48.372 and
48.377 GHz lines, with the line FWHMs tied together. The dashed curve
in the top panel shows the above (scaled) 1-Gaussian model overlaid on
the spectrum in the 12.179 GHz transition; this model does not appear
to provide a good fit to the weak absorption wing that extends beyond
≈ 10 km s−1. The dotted curve in the top panel shows a 2-Gaussian model
that gives a good fit to the spectrum in the 12.179 GHz line.
A basic test of whether different lines arise in the same gas
is whether or not they have the same velocity structure. This can
be simply tested by fitting the same template to the line profiles
and checking whether the fit parameters (except for the amplitude)
are in agreement. A multi-Gaussian template profile was used for
this purpose, with independent fits to the redshifted 12.179 GHz
and 60.531 GHz lines, and a joint fit to the redshifted 48.372 GHz
and 48.377 GHz lines (which are blended). The 60.531 GHz,
48.372 GHz and 48.377 GHz lines were all found to be well fit
by a single Gaussian component (with reduced chi-square values
χ2ν ≈ 1), with the line full widths at half maximum (FWHMs)
in good agreement (within 2σ significance). However, the single
Gaussian fit to the 12.179 GHz line yielded a line FWHM that was
larger than the FWHM of the other lines, at 4.3σ significance. Fur-
ther, this fit yielded χ2ν = 1.3, with statistically significant resid-
uals, suggesting that additional components are needed to model
the line. This is also visually apparent from Fig. 1, where the
12.179 GHz line extends to ≈ 18 km s−1, unlike the 60.531 GHz
and 48.372 GHz lines. Thus, the 60.531 GHz, 48.372 GHz and
48.377 GHz lines appear likely to arise from the same sightline
(as their line FWHMs are in agreement), while the sightline of the
12.179 GHz transition is likely to be different.
The most likely cause of this difference in sightlines is
the frequency-dependent structure of PKS1830−2111, due to the
larger scatter-broadening of the S-W source component at low fre-
quencies (e.g. Jones et al. 1996). This would account for the larger
velocity spread in the lower-frequency C-band transition, as this
sightline would intersect a larger transverse region through the ab-
sorber, and hence, a more extended velocity field. Note that the
size of the S-W radio emission changes dramatically with fre-
quency, from > 50 mas at 2.3 GHz to < 10 mas at 8.4 GHz,
with 6.46 GHz, the redshifted 12.179 GHz line frequency, in be-
tween (Guirado et al. 1999). The size diminishes even further at
higher frequencies: at 14.5, 23.2 and 43 GHz, almost all the S-
W emission is concentrated in a compact source with FWHM <
0.5 mas, representing the image of the AGN core without scatter
broadening (Jin et al. 2003; Sato et al. 2013). At z = 0.88582,
1 mas corresponds to 8 pc, implying that we are probing scales
of ∼ 100 pc (i.e. the size of a typical Giant Molecular Cloud,
GMC) at 6.46 GHz, but only ∼ 5 pc (i.e. a small part of a
GMC) at 32.10 GHz. This makes velocity differences of a few
km s−1 and different line shapes certainly plausible. The above is-
sue was considered by Bagdonaite et al. (2013), who assumed that
it could cause a shift of ≈ 1 km s−1 between the different lines
(Martı´-Vidal et al. 2013); unfortunately, it is difficult to directly es-
timate the systematic error here. It thus appears that the 12.179 GHz
line should not be compared with the higher-frequency CH3OH
lines to probe changes in µ. The other three lines, closer in fre-
quency, are likely to arise from the same gas and hence appear to
be well-suited for use in probing fundamental constant evolution.
However, since the difference in line FWHMs has only ≈ 4.3σ
1 The 1-month separation between the C-band and K-/Ka-band observa-
tions may also contribute to the differences, especially given that there was
a gamma-ray flare in PKS1830−211 in May–July 2013 (Martı´-Vidal et al.
2013).
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significance, we provide below results based on both analyses, i.e.
both including and excluding the 12.179 GHz line.
We used two independent approaches to test for changes in
the proton-electron mass ratio: (1) a joint multi-Gaussian fit to the
60.531 GHz, 48.372 GHz and 48.377 GHz lines, and (2) cross-
correlation of individual pairs of lines. The advantage of the for-
mer is that it implicitly tests whether all the lines can be fit with
the same template (i.e. the same number of Gaussian compo-
nents, with the same FWHMs). Furthermore, the joint fit simul-
taneously makes use of all the information in the different lines
(e.g. Webb et al. 2001; Molaro et al. 2013; Rahmani et al. 2013).
Conversely, the advantage of the cross-correlation approach is that
it is non-parametric, making no assumptions about the line shapes
or the number of components that must be fit to the lines (which
can affect the results, especially for complex line profiles) (e.g.
Kanekar et al. 2004, 2010; Levshakov et al. 2012).
In the first approach, the package VPFIT was used to carry out
a simultaneous multi-Gaussian fit to the 60.531 GHz, 48.372 GHz
and 48.377 GHz lines, aiming to minimize χ2ν by varying the fit
parameters2 . The velocity structure was assumed to be the same in
all the lines, with the same number of components and the same ve-
locity widths (which were hence assumed to be the same in the fit-
ting process). This essentially assumes that all the lines arise in the
same absorbing gas. Since the 48.372 GHz and 48.377 GHz lines
have the same sensitivity coefficient to changes in µ (Kµ = −1),
these line redshifts were also assumed to be the same. Finally,
the 60.531 GHz and 48.377 GHz lines are both E-type lines (the
48.372 GHz line is an A-type); local thermal equilibrium was as-
sumed for the ratios of the strengths of the E-type lines.
A single component Gaussian model was found to yield an
excellent fit to all three lines, with χ2ν = 1.07, and noise-like
residuals (via a Kolmogorov-Smirnov rank-1 test) in each spec-
trum, after subtracting out the fitted profiles. Five free parame-
ters (listed in Table 1) were used in the fit, two column densi-
ties for the E-type and A-type lines (see above), a single FWHM
for all lines, and two redshifts for the 60.531 GHz line and the
pair of 48 GHz lines. The velocity offset between the redshifts
of the 60.531 GHz line (zA) and the 48 GHz pair (zB) is given
by ∆V/c = (zA − zB)/(1 + z¯), where z¯ is the average of the
two redshifts. This yields ∆V = (+0.66 ± 0.39) km s−1, i.e.
[∆µ/µ] = (∆V/c) × (Kµ,A −Kµ,B) = (−3.5 ± 2.0) × 10
−7
,
where Kµ,A = −7.4 and Kµ,B = −1 are the sensitivity coeffi-
cients of the 60.531 GHz line and the 48 GHz pair to changes in µ.
Similar results were obtained on removing the assumption that the
two 48 GHz lines (A- and E-types) arise at the same redshift.
The second approach was carried out on individual pairs
of lines using two non-parametric schemes, the cross-correlation
method (Kanekar et al. 2004) and the “sliding-distance” method
(Levshakov et al. 2012). These yielded very similar results, so we
will only discuss the cross-correlation approach in detail. The
cross-correlation of the two strongest lines, at 60.531 GHz and
48.372 GHz, yielded a velocity offset of ∆V = (+0.46 ±
0.43) km s−1, with the 60.531 GHz line at higher velocities. The
RMS error was estimated by cross-correlating 104 pairs of sim-
ulated spectra, obtained by adding independent representations of
Gaussian noise to the best-fit profiles, with the noise spectra char-
2 Note that little is known about the CH3OH hyperfine structure which
has been ignored here. For a few lines, Heuvel & Dymanus (1973) find the
hyperfine structure extends over . 50 kHz, i.e. smaller than our channel
spacing; it should have a negligible effect on our results.
acterized by the RMS noise values of the observed spectra. This
yields [∆µ/µ] = (−2.4 ± 2.3) × 10−7, similar to the result ob-
tained earlier from the Gaussian-fitting analysis. The slightly higher
error in the cross-correlation approach is because only the two
strongest lines were used here, so all the information available in
the joint Gaussian-fitting has not been used. Further, the entire ve-
locity range was not used in the cross-correlation, with the velocity
interval containing a blend of the 48.372 GHz and 48.377 GHz
lines excluded from the analysis, to reduce systematic errors.
The analysis using the 12.179 GHz line was restricted to the
cross-correlation approach. This also takes into account the pos-
sibility that the 12.179 GHz line might not be offset in velocity
from the other lines, but might merely have additional spectral
components, in addition to the strongest component seen in the
other lines. A cross-correlation analysis was hence carried out on
the 12.179 GHz and 60.531 GHz pair, following the approach de-
tailed above. This yielded a velocity offset of ∆V = (+0.22 ±
0.43) km s−1, again with the 60.531 GHz line at higher velocities,
giving [∆µ/µ] = (−2.9±5.7)×10−8. Again, no evidence is seen
for changes in µ with cosmological time.
4 DISCUSSION AND CONCLUSIONS
The z = 0.88582 absorber towards PKS1830−211 is the only
object so far with a detection of redshifted CH3OH absorption
(Muller et al. 2011) and has hence been the focus of tests of
changes in the proton-electron mass ratio using these lines. Ini-
tially, Ellingsen et al. (2012) obtained [∆µ/µ] 6 4.2 × 10−7 (at
2σ significance), via a comparison between the redshifts of the
12.179 GHz and the 60.531 GHz lines. Later, Bagdonaite et al.
(2013) improved this to [∆µ/µ] 6 2 × 10−7, using the
12.179 GHz, 48.372 GHz, 48.377 GHz and 60.531 GHz lines. Most
recently, Bagdonaite et al. (2013) combined the 12.179 GHz line
with nine other lines, at rest frequencies 6 492.279 GHz, and also
carried out a multi-dimensional regression analysis to include sys-
tematic effects in their error budget, to obtain [∆µ/µ] 6 2.6×10−7
(2σ) (combining statistical and systematic errors in quadrature). In
the present work, we have combined the 12.179 GHz line with the
60.531 GHz line to obtain a constraint of high apparent sensitivity,
[∆µ/µ] 6 1.1 × 10−7 (2σ), a factor of ≈ 2.5 better than the best
earlier results (Bagdonaite et al. 2013).
All the earlier analyses used independent fits to the different
lines and did not directly test whether the lines arise in the same
gas. The 12.179 GHz line was a critical component of all analy-
ses, especially because this line has Kµ = −32, one of the largest
sensitivity coefficients of the CH3OH lines. Including this line in
the comparison thus gives a large lever arm (i.e. a large ∆Kµ)
in tests of changes in µ. Unfortunately, this is one of the weaker
CH3OH lines, and its spectra have had the lowest signal-to-noise
ratios of the lines that have been used so far. As noted earlier
(Bagdonaite et al. 2013), this is also the line that is most likely to be
affected by differing sightlines, due to the large scatter broadening
of the S-W source component of PKS1830−211 at the low line fre-
quency. The relatively low sensitivity of the earlier spectra in this
transition has meant that it has not been possible to test whether the
line shape is the same as that of the other CH3OH lines.
Our new, higher-sensitivity, VLA spectrum indicates that the
12.179 GHz line profile is indeed different from the other three
line profiles: the line FWHM is larger, at ≈ 4.3σ significance, and
the 1-Gaussian model yields a relatively high reduced chi-square
value, χ2ν ≈ 1.3. This suggests that the sightline in the 12.179 GHz
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transition traces different absorbing gas from that detected in the
other three lines. If so, this implies that analyses that include the
12.179 GHz transition (i.e. all earlier results from the z = 0.88582
absorber, as well as our result above) would incur unknown sys-
tematic errors due to local velocity structure in the gas.
We hence recommend that the 12.179 GHz line should not be
used with the high-frequency CH3OH lines from the z = 0.88582
absorber to probe changes in the proton-electron mass ratio. The
best probe of changes in µ using the CH3OH lines is likely to
arise from a combination of the 48.372/48.377 GHz pair and the
60.531 GHz line, since these lines both have a large difference
between sensitivity coefficients (∆Kµ = 6.4), and lie at nearby
observing frequencies, where the background source has a sim-
ilar structure (S-W component size < 0.5 mas; Jin et al. 2003;
Sato et al. 2013). The lines should be observed simultaneously,
so that time variability in PKS1830−211 does not cause system-
atic errors. Finally, our current result from these lines, [∆µ/µ] .
4 × 10−7 (2σ), is based on a fairly short VLA integration time
(2 hrs). Deeper VLA spectroscopy in these lines will allow a sig-
nificant improvement in the sensitivity to temporal changes in µ.
In conclusion, our VLA observations of the CH3OH lines
from the z = 0.88582 absorber towards PKS1830−211 suggest
that the shape of the 12.179 GHz line is different from that of
the 48.372, 48.377 and 60.531 GHz lines. The FWHM of the
12.179 GHz line is different from that of the other lines at ≈ 4.3σ
significance, and the best fit with a 1-Gaussian model has a rel-
atively high reduced chi-square value, χ2ν ≈ 1.3, in contrast to
similar fits to the other three lines, which yield χ2ν ≈ 1. In-
cluding the 12.179 GHz line in the analysis to probe changes in
µ gives a high statistical sensitivity to changes in µ: [∆µ/µ] =
(−2.9 ± 5.7) × 10−8, i.e. [∆µ/µ] 6 1.1 × 10−7 at 2σ signifi-
cance. While this constraint on changes in µ is a factor of ≈ 2.5
better than the best earlier results using CH3OH lines, both it and all
earlier CH3OH analyses in the literature appear likely to be subject
to unknown systematic errors due to the difference in the shapes
of the 12.179 GHz line and the higher-frequency CH3OH lines.
The CH3OH 48.372, 48.377 and 60.531 GHz lines have shapes
consistent with each other and are thus likely to arise in the same
gas. Our most robust result, obtained via both joint Gaussian-fitting
and cross-correlation approaches, stems from combining the three
high-frequency lines: [∆µ/µ] . 4 × 10−7 (2σ). While this gives
an apparently less stringent constraint than that from analyses that
include the 12.179 GHz line, the fact that the lines used in the anal-
ysis have the same shape suggests that it is the most reliable of the
present constraints on changes in µ based on CH3OH spectroscopy.
We thus find no evidence for changes in the proton-electron mass
ratio out to z = 0.88582, with [∆µ/µ] . 4 × 10−7 (2σ) over a
lookback time of ≈ 7.5 Gyr.
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